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formed by single layers with external 12 MR cups and 10 MR channel system running in between the cups, inside the sheets. TNU-9 is a new zeolite with a structure consisting of a three dimensional channel system with pore openings of 10 MR. Here, we have employed EPR spectroscopy to study the redox properties of copper sites and follow their evolution upon heating in the presence of propane and propane-oxygen mixtures, and infrared spectroscopy to identify the intermediate species formed in the reaction of propane and oxygen. It will be shown that the ability of Cu-zeolites for propane oxidation depends on the redox properties of the copper sites.
Experimental
Zeolite TNU-9 was synthesized according to the procedure described previously [21, 22] , using 1,4-bis-(N-methylpryrrolidinium)-butane and Na + cations as structure directing agents (SDAs). ITQ-2 was prepared by swelling the MCM-22 precursor with a water solution of hexadecyltrimethylammonium bromide and tetrapropylammonium hydroxide following the method depicted in previous publications [23, 24] . Zeolite Y is commercially available (CBV 720, Zeolyst International). Prior to ion exchange, all zeolites were rinsed with a 0,04 M solution of NaNO 3 Table 1 .
EPR spectra were recorded with a Bruker EMX-12 spectrometer operating at the Xband, with a modulation frequency of 100 KHz and amplitude of 1.0 Gauss. All spectra were measured at -168 °C and quantitative analysis was carried out by double integration of the spectra, using CuSO 4 as an external standard. About 20 mg of the Cuzeolite sample was placed into 5 mm quartz EPR tubes adapted to a high vacuum valve and dehydrated under dynamic vacuum at 500 °C for 1 h reaching a final pressure ≈10 -6 mbar. Propane and/or oxygen were then adsorbed at -196 °C by connecting the sample tube on a vacuum line and admitting onto the Cu-zeolite the desired amount of gas using a calibrated volume. In all experiments 2 molecules propane per atom of Cu were adsorbed. In another set of experiments, an excess of oxygen, about nine molecules of oxygen per atom of Cu, was admitted into the sample tube immersed into liquid nitrogen after the adsorption of propane.
IR spectra were recorded with a Bruker Tensor 27 spectrometer (equipped with a MCT detector) with a spectral resolution of 2 cm -1 . Thin wafers of Cu-zeolite (5-10 mg/cm 2 )
were activated in the IR cell under vacuum at 500 °C for 1h, and then the adsorption of propane and/or oxygen was carried out at room temperature. Carbon monoxide (PRAXAIR 9.5) was used as a probe molecule.
Catalytic tests were carried out in a fixed bed, quartz tubular reactor. In the C 3 H 8 oxidation experiments, 66.7 mg of catalyst, as particles of 0.25-0.42 mm size, were introduced in the reactor, heated up to 500 ºC under nitrogen flow and kept at this temperature for 30 minutes. After that, the desired temperature was set and the flow changed to the reaction feed consisting of 500 ml.min -1 of a mixture composed by 0.33% C 3 H 8 , 6.9% O 2 and N 2 as gas balance. The reaction was followed by the CO 2
formed that was analysed with a non-dispersive infrared detector Servomex 4900. Table 2 . To our knowledge, this is the first EPR study of zeolite Cu-TNU-9 and the assignment of signals of spectrum 2A
Results and discussion
to specific copper sites requires deeper investigation, which is out of the scope of this manuscript. Nevertheless, from comparison of the parameters shown in Table 2 with those reported in the bibliography for other Cu 2+ exchanged zeolites [37] , signals A and B can be attributed to Cu 2+ in square pyramidal and square planar configurations, respectively. Figure 2b displays the spectrum recorded after the adsorption 2 molecules of C 3 H 8 per Cu atom on Cu-TNU-9. Inspection of the low field region of the spectrum, Figure 2b right, shows the appearance of a new signal C characterized by the parameters listed in Table 2 , which must come from the interaction of Cu 2+ with propane (Cu 2+ - complex points out that water must have been produced upon heating, probably by oxidation of propane. The parameters of signal C', typical of Cu 2+ in square pyramidal coordination, are very close to those of signal C (see Table 2 ) and then must be originated by the interaction of paramagnetic Cu 2+ with and intermediate reaction product, in agreement with the results obtained by infrared spectroscopy (vide infra). Figure 3 shows the EPR spectra of zeolite Cu-Y submitted to treatments similar to zeolite Cu-TNU-9. The spectrum of the sample degassed at 500 ºC, displayed in Figure 3a , consists of two axially symmetric signals E and F, characterized by the parameters listed in Table 3 . Signals E and F have been previously assigned to Cu 2+ located at two different exchange positions of the FAU type zeolite [29, 30, [39] [40] [41] [42] ], or at sites containing different number of Al atoms in their close environment [43] .
Assuming different location, signal E has been attributed to Cu 2+ at the six member ring of SII site in the supercage [40, 41] or at SI' within the sodalite cage [29, 30] , and signal F to Cu 2+ at SI' [40, 41] or at SI sites inside the D6R [29, 30] . Adsorption of propane on zeolite Cu-Y does not modifies the spectrum of the dehydrated zeolite (spectrum not shown), while subsequent heating at 350 ºC produces an intensity decrease (see Figure   3b ) due to the reduction of Cu 2+ to Cu + , although less than for zeolite Cu-TNU-9 (see Figure 1 ). The spectrum 3b is dominated by signal F, indicating that the species associated to signal E have been reduced probably because their easier accessibility to propane molecules. Then, signal E must be originated by Cu 2+ species located at SII sites in the supercage, or alternatively inside the sodalite cages (site SI´), which move to accessible supercage positions upon heating. Figure 3c shows the spectrum recorded after co-adsorption of propane and oxygen on zeolite Cu-Y. The EPR signals of Cu 2+ are broadened because of the dipolar interaction with paramagnetic oxygen molecules, making difficult the identification of the Cu 2+ species. Comparison with the spectrum of Figure 2d suggests a stronger interaction with oxygen than in zeolite Cu-TNU-9.
Indeed, when Cu-Y is heated at 350 ºC with the propane-oxygen mixture, the overall intensity of the EPR spectrum (Figure 3d ) increases indicating that, opposite to the results obtained for Cu-TNU-9, copper has been oxidized. Despite the low resolution, analysis of the spectrum suggests the presence signals E and F. Figure 4 shows the EPR spectra of zeolite Cu-ITQ-2 evacuated at 500 ºC (Fig.   4a) , and heated at 350 ºC with propane (Fig. 4b) or with propane/oxygen (Fig. 4c) , and Table 4 . Although the interpretation of spectrum 4c is not straight forward, signal K can be attributed to Cu 2+ bonded to water molecules, based on the similarity of its parameters with those of signal D (Table 2) . Meanwhile, the parameters of signal L are close to those of signal H and then can be tentatively attributed to Cu 2+ in square pyramidal coordination in slightly different environment which may be due to the interaction with reaction intermediates. Figures 2-4 Figure 5 shows the infrared spectra recorded at room temperature of zeolites Cu-TNU-9, Cu-ITQ-2 and Cu-Y, after being heated at 350 ºC for 30 min with a mixture propane/oxygen, and the spectra of propane adsorbed on these same zeolites for comparison purposes. After heating under propane-oxygen mixture, the spectrum recorded for zeolite Cu-TNU-9 shows very intense bands in the 1650-1450 cm Table 1 . The spectra of Figure 6 show that the intensity of the CO 2 band at 2350 cm -1 is very weak for Cu-Y, while it is remarkable for zeolite Cu-TNU-9 and intermediate for Cu-ITQ-2.
Comparison of the results shown in
Consequently, the activity towards propane oxidation under these reaction conditions is in good agreement with the propane conversion obtained in the catalytic tests included in Table 1 . Judging from the comparison of Figures 5 and 6 , the intensity of the acetate/formate (1580 and 1480 cm -1 ) infrared bands are directly related with the CO 2 production and then with the catalytic activity for the oxidation of propane of the Cuzeolites studied here. From the high intensity of acetate/formate bands we can conclude that the propane molecules are most effectively oxidized on Cu-TNU-9 zeolite.
Meanwhile the intensity of these bands is moderate for Cu-ITQ-2 and negligible for Cu-Y zeolites in agreement with their intermediate and low activity for propane oxidation. Figure 7 shows the IR spectra obtained after CO adsorption on Cu-TNU-9 evacuated at 500 ºC and heated at 350 ºC under propane (spectrum 7a) or propane-O 2 mixture (spectrum 7b). The spectrum 7a consists of only a band at 2157 cm -1 of Cu + (CO) monocarbonyl species, while a weak IR band of Cu 2+ (CO) at 2206 cm -1 is evident in the spectrum of Figure 7b when also oxygen is present during heating. This result is in good agreement with the relative intensity of Cu 2+ signals in the EPR spectra of the Cu-TNU-9 zeolite heated with propane and with propane-oxygen (see Figure 1 ).
General remarks
Despite differences in experimental conditions imposed by the use of in situ cells appropriate for each spectroscopy, there is a good agreement in the main conclusions reached by IR and EPR spectroscopies and the catalytic tests. According to the results reported in Table 1 , and the infrared spectra of Figure 6 , the catalytic activity for the oxidation of propane with oxygen at 350 ºC follows the trend: Cu-TNU-9 > Cu-ITQ-2 > Cu-Y. A similar trend is encountered for the reducibility of Cu 2+ cations upon heating these Cu-zeolites with propane or propane-oxygen. The highest oxidation activity of Cu-TNU-9 is accompanied by the higher degree of reduction when heated under propane or propane-oxygen, as reflected by the decrease of the Cu 2+ EPR signal (see Finally, we must note that although the correlation between the catalyst activity and the copper reducibility suggest that isolated Cu 2+ are active sites for propane oxidation, we cannot discard the contribution of aggregated copper species (CuO or Cu-O-Cu dimmers) as active sites for the reaction.
To summarize, the results reported here suggest that the catalytic activity for propane oxidation to CO 2 , which follows the trend Cu-TNU-9 > Cu-ITQ-2 > Cu-Y, depends on the reducibility of Cu 2+ cations at exchange position, which is determined by its accessibility to propane molecules. Meanwhile, in situ IR spectroscopy shows that adsorbed formate/aldehyde species are reaction intermediates formed during oxidation. Table   Table 2 EPR parameters of the Cu 2+ signals of zeolite Cu-TNU-9 submitted to different treatments corresponding to the spectra displayed in Figure 2 . 
